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energiaprojekteissa ja hiilidioksidin tai korkea-aktiivisen ydinjätteen loppusijoitustilaa suunniteltaessa.  
Tämän työn tarkoituksena on yhdistää 14C-PMMA autoradiografialla saadut huokoisuusarvot SEM-EDS 
alkuainekartoitukseen ja määrittää huokoisuuden ja mineralogian vaihtelut siirros-gougeissa sekä niiden 
ympärillä. Nämä huokoisuusvaihtelut pyritään yhdistämään siirroksiin vaikuttaviin prosesseihin. Työssä 
käytetyt näytteet on otettu pienestä sivuttaissiirroksesta argilliitti-savikivestä Tournemiren maanalaisesta 
tutkimuslaboratoriosta Etelä-Ranskassa. Tulokset näyttävät merkittäviä huokoisuuden ja mineralogian 
vaihteluita tutkitun gouge-alueen poikki. Nämä vaihtelut johtuvat todennäköisesti monimutkaisesta 
tektonisesta historiasta ja useista fluidimigraatioista. Gougen keskellä huokoisuus on matalaa, mutta 
huokoisuuden arvot nousevat huomattavasti reunoilla. Lisäksi mineralogia viittaa siirroksen 
mineraalisulkeutumiseen ja hydrotermiseen fluidikiertoon. Siirroksen sulkeutuminen näkyy kalsiumin 
jakautumisena kalsiittina matalimman huokoisuuden alueilla. EDS-analyysi antaa viitteitä raudan 
vyöhykkeisyydestä sekä sinkkisulfidien ja bariumsulfaattien esiintymisestä siirrosytimessä. Näiden 
mineraalien esiintyminen osoittaa, että siirroksessa on todennäköisesti esiintynyt hydrotermistä fluidikiertoa 
menneisyydessä. Lisäksi raudan vyöhykkeet ovat matalimman huokoisuuden gougen ympärillä, mikä viittaa 
todennäköisesti hydrotermiseen kiertoon. Vaikka havaitut huokoisuusvaihtelut esiintyvät vain senttimetrin 
levyisellä gougealueella, korkeamman huokoisuuden vyöhykkeet voivat toimia fluidikierron mahdollistavina 
reitteinä, jos siirros aktivoituu uudelleen.  
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Shales and argillites are pelitic sedimentary rocks with dominantly clay-rich mineralogy, 
micro- or nanoscale mineral grain sizes and preferred orientation of mineral grains along the 
bedding, depending on the amount of overburden stress. Due to the small grain sizes and 
mineral orientations of clays, clay-rocks have intrinsically low permeability. However, these 
formations are commonly crosscut by fault zones. These fault zones produce a high 
anisotropy in terms of crustal fluid flow in otherwise isotropic and impermeable conditions in 
sedimentary clay rocks and thus control the migration of these fluids (Faulkner et al., 2010; 
Wibberley et al., 2008; Caine et al., 1996). In the brittle stress regime close to the surface, 
these zones are lithologically heterogeneous, anisotropic in terms of permeability and 
discontinuous. The permeability in a fault zone is a product of spatial and temporal processes 
which strongly depend on the host-rock lithology, stress and strain rate, deformation 
mechanisms, the fault architecture and many more parameters. For instance, shale 
deformation under high effective stress may lead to its compaction and decreased porosity and 
permeability, whereas when over-consolidated clay deforms under low effective stress, the 
same rock may dilate and have an increase in permeability due to increased pore volume 
(Holland et al., 2006).  
 
The fault zone is divided into segments of high (fault core) and low strain rates (damage zone) 
(Faulkner et al., 2010). A high strain core usually consists of severely deformed rocks (formed 
of brecciated lenses from fault wall) and typically one or more principal slip surfaces. In low-
grade metamorphic rocks, such surfaces consist of fault gouges. The gouge is a fine-grained 
heterogeneous material with a high anisotropy in terms of porosity and permeability 
(Engelder, 1974). The primary mechanism for the generation of gouge is cataclasis and other 
deformation processes occurring during fault shearing in brittle or brittle-ductile stress regime 
in low temperature close to the surface (Vrolijk and Van Der Pluijm, 1999; Engelder, 1974). 
Cataclastic deformation is a brittle-frictional mechanism involving grain granulation by 
frictional grain boundary sliding and grain fracturing (Knipe, 1989; Engelder, 1974). The 
remaining grains are surrounded by fine grained matrix of crushed material (Chester et al. 





Clay gouges typically support lower shear stresses and have low frictional resistance with 
constrained pore fluid movement and elevated pore pressures (Morrow et al., 1984). For these 
reasons, an active fault with clay gouges may favor creep behavior instead of rupturing and 
earthquake propagation. Especially fault slip surfaces with smectite and other swelling clays 
have been suggested to significantly weaken the fault, as smectite can act as a lubricant to 
promote weak behavior and in faults (Van Der Pluijm, 2011). However, faults tend to heal 
and seal over time with cementation filling the fissures left open by fault movement. Healing 
process can increase the strength of a fault as the cementations generally have higher friction 
coefficients (e.g. Wibberley et al., 2008). Furthermore, fault healing processes can seal the 
fault and leading to overpressure of pore fluids. Compaction of gouge under hydrostatic load 
and/or during shearing can elevate pore pressures in sealed fault and allow seismic sliding at 
low shear stresses (Byerlee, 1993; Blanpied et al., 1992). Structural and mineralogical 
textures indicate that seismic slips followed by cementation and healing of the fractures and 
breccia are episodic, leading to cycles of permeability enhancement and reduction and 
velocity weakening and strengthening along faults (Hickman et al., 1995). The most common 
clay minerals in pelitic sedimentary rocks are illite and smectite. Fault related shearing may 
result in smectite to illite- chemical alteration as it can offer energy to overcome the kinetic 
reaction barrier required for the reaction (Vrolijk and Van Der Pluijm, 1999). Shear induced 
illitization may lead to increased frictional strength in the fault zone (Saffer and Marone, 
2003). 
 
The fault core with clay gouge can act as a barrier or a lengthwise conduit to fluid circulation, 
depending on the physical and chemical properties of the fault (Faulkner et al., 2010; 
Wibberley et al., 2008). The fluid flow is an important parameter when making long-term 
safety assessments for deep geological repositories for high-level radioactive waste and for 
this reason the porosity distribution of fault zones in clay rocks is under interest. The porosity 
distribution can be connected straight to fault permeability and fluid migrations. Another 
application of shale fault porosity include oil and gas industry and storage of CO2 as the fault 
permeability is an important parameter for e.g. when making assessments of caprock integrity 
(e.g. Dockrill and Shipton, 2010).  
 
The repository for nuclear waste requires stable, reducing conditions (Ewing, 2015). The 
shale formations have naturally very low permeability, stable redox conditions and good 




properties make shale layers considered potential option in several countries for placement of 
deep geological repository. Some of potential hosts for repositories are in Callovo-Oxfordian 
clay formation (France), in Boom Clay (Belgium) and in Opalinus clay (Switzerland) 
(Laurich et al., 2018; Robinet et al., 2015; Guglielmi et al., 2015a; Laurich et al., 2014; 
Robinet et al., 2012; Horseman et al., 1987).  
 
The setting of this study was in Tournemire Underground Research Laboratory (URL) in 
Southwestern France. The Tournemire URL is a laboratory where physical, mechanical and 
chemical processes affecting the conditions of deep geological repositories are studied 
extensively (Lefèvre et al., 2016; Constantin et al., 2007; Constantin et al., 2004). The aim in 
this study was to define the spatial distribution of porosity in heterogeneous, small-scale 
strike-slip fault core gouge in Tournemire URL. The porosity changes were then linked to 
mineralogical differences in distinctive domains in the fault core. The spatial porosity 
distribution and fault core mineralogy were then put into larger bibliographical context to link 
them to physical and chemical processes in fault systems. The key question was, how small-
scale faults can affect the safety of nuclear waste repositories in argillaceous, low 
permeability formations. C-14-polymethylmethacrylate (C-14-PMMA) autoradiography was 
applied on samples from the Tournemire fault zone to receive a high-resolution porosity map. 
Autoradiography is an imaging method based on measuring incoming radiation of a tracer 
element within the sample. These samples were then analyzed by elemental mapping with a 
scanning electron microscope (SEM) in a backscatter electron mode (BSE). Additionally, thin 
sections for optical microscopy and oriented glass-slide samples for X-ray diffraction from 
clay fractions were prepared. X-ray diffraction (XRD) was used to define the proportions of 
clay minerals in gouges and adjacent zones. 
 
 
2. GEOLOGICAL BACKGROUND 
 
2.1. Site description of the Tournemire Underground Research Laboratory  
The Toarcian shale formation in the Tournemire Underground Research Laboratory (URL) 




Safety (IRSN) in order to examine processes that may play an important role in ensuring the 
long-term safety of a geological repository.        
The Tournemire URL is located in a Mesozoic marine basin on the southern border of the 
French Massif Central at the western limit of Causse du Larzac (Figure 1.). The URL is 
primarily constructed in the Toarcian argillite, an indurated clay formation consisting of 
shales and marls, with a very low permeability to saturated water flow. The formation shares 
many characteristics of other indurated clays being considered for radioactive waste disposal, 
such as the Callovo-Oxfordian argillite in France and the Opalinus Clay in Switzerland 
(Guglielmi et al., 2015a).  
Causse du Larzac is a Permian-Mesozoic N-S basin surrounded by several igneous massifs. 
The Central massif and Causses area are characterized by volcanism that started during the 
Paleocene and last until the Holocene (Michon and Merle, 2001). This area has a polyphase 
tectonic history with at least two major stress regimes (Constantin et al., 2004). The first event 
was an extension during the Upper Jurassic and the Lower Cretaceous (Constantin et al., 
2004). The second event was the Pyrenean compression from Mid-Cretaceous to Eocene 
(Constantin et al., 2004; Sibuet et al., 2004).        
Figure 1. a.: The geological map of Tournemire area in Causse du Larzac. b.: The location of Tournemire in France  
(After Lefèvre et al., 2016). 
   
The Toarcian shale formation found at Tournemire is 250 m thick and located between two 




permeability (~10-21 – 10-18 m2), significant porosity (~ 9 %) and a strong tendency to show 
hydraulic ‘self-sealing’ characteristics post excavation (Matray et al., 2007). 
  
The clay-gouge samples in this study were taken from one drill core that crosses a brittle fault 
zone in the upper part of Toarcian shale formation of the Tournemire URL (Figure 2.). The 
URL is crossed by two main fault zones (F1 and F2) which are separated by undeformed 
shale (protolith) (Figure 2.). F1 and F2 have parallel strikes and exhibit similar dip and dip-
direction, varying between 170°N to 10°N and 60°W to 80°W respectively (Lefèvre et al. 
2016). Slickenfibres from both F1 and F2 indicate that the last movement along these faults 
has a reversal left-lateral strike-slip component (Peyaud et al., 2006) which is coherent with 
the last Pyrenean compressive event (Constantin et al., 2004). 
The F1 fault zone exhibits an array of anastomosing faults with brittle shear surfaces and 
ductile shear bands. In contrary, F2 consists of fault core with high strain and displacement 
(around 3 – 5 m of vertical offset). The F2 fault core is surrounded by an asymmetric damage 
zone.  The internal architecture of F2 is comprised of a protolith; an asymmetric damaged 
zone (2 – 3 m thick on the western side of the fault) and a core zone (located between the 
damage zones, ~1 m wide). The fault core of F2 includes fault gouges, cataclasites, breccia, 
folds and deformed lenses of protolith. The studied gouge (at least three continuous distinct 
gouge surfaces have been observed, the gouges have different colors from black to grey) 
forms a thin (1 – 10 mm thick) very fine-grained and non-cohesive zone between the host 
rock and brecciated lenses of host rock. The slip surfaces of the fault core comprise of gouges 
and accommodate the highest shear strain and strain localization within the core. The shear 
zone around the gouge is composed of cataclasites (cohesive rock with angular clasts in a 
fine-grained matrix) and breccia (fractured and re-cemented country rock). The protolith’s 
mineral composition is relatively homogeneous within the upper Toarcian section, with more 
than 50 % clay minerals, dominantly illite and illite/smectite, 10 – 20 % calcite, and 10 – 20 
% quartz ( Dick et al., 2016; Lefèvre et al., 2016; Constantin et al., 2004). Other components 
(less than 10 %) include detrital micas, feldspars, pyrite and organic carbon (Lefèvre et al., 
2016). In contrast, the fault gouge contains predominantly more illite than the surrounding 






 Figure. 2. a.: Structural map of the Tournemire URL.  b.:  Contact between the damage zone and the core zone. 
The fault core exhibits a high strain area with subvertical schistosity (after Dick et al., 2016).  
 
 
2.2. Tectonic setting and indicators for past fluid circulations  
 
The Mesozoic extensional event resulted in the activation of the Cernon and St Jean d’Alcapies 
faults as normal faults and the following Pyrenean compressive event reactivated them as 
reverse faults (Lefèvre et al., 2016) . During the Pyrenean compressive stress regime, the 
orientation of σ1 varied from NE/SW to NW/SE with two adjacent pulses striking 020°N – 
030°N and N°160 – N°170 (Constantin et al., 2004). The vertical offset of these faults is 100 – 
400 m  (Constantin et al., 2004).  The features associated with strike-slip faulting in the fault 
zone of F2 exhibit a dominantly sinistral component (Lefèvre et al., 2016).  
 
The burial depth of the Toarcian shales during the Pyrenean compression are estimated to be a 
maximum burial depth of 2.3 – 2.4 km (57 – 62 MPa burial stress) at the onset of the Causses 
basin inversion (Lefèvre et al., 2016; Barbarand et al., 2001). Therefore, the previous studies 
have concluded that the stress-regime in the studied fault zone during the last strike-slip system 
was with σ1 > 70 MPa, σ2  ~ 60 MPa and σ3 ~30 – 40 MPa (Lefèvre et al., 2016).   
 
The fracture filling minerals in the Tournemire fault zones are predominantly calcite (Lefèvre 




studies from calcite emphasize two sources for fluids (Peyaud et al., 2006). The first source is 
the pore fluids of the undeformed Toarcian shale with the same composition than the shale 
cement, originating from the deposition of detrital particles during sedimentation. The second 
source is intrusions of meteoric water with influence to the composition of main fault zone 
veins (Lefèvre et al., 2016). Moreover, Peyaud et al., (2006) observed Fe zonation in fault 
calcite cement and suggested fluctuating redox conditions within the fault zone during Pyrenean 
compression. The iron content of calcite may surpass 1%, which indicates that reducing 
conditions prevailed even after the first infiltrations of meteoric water (Peyaud et al., 2006). 
This could mean that redox-fluctuations with oxidizing fluids were short-termed and reducing 
conditions prevailed shortly after an oxidizing fluid intrusion. Zoned carbonate fillings further 
indicate shifting redox conditions and episodic connections between the fault zone and the 











Figure 3. Geological cross-section along the Tournemire URL. The URL tunnel crosscuts the Upper section of the 












3. MATERIALS AND METHODS 
 
 
3.1. Sampling at Tournemire URL 
 
In this study, one drill core was used to achieve all the samples. The drill core was extracted 
parallel to the principal fault plane from the interface between the host shale rock and the fault 
core zone. A 20 cm diameter borehole was drilled through the boundary between the fault core 
and the western damage zone parallel to the main fault plane (Figure 4.). The drill used to 
extract the core was Hilti and drill fluid was air. The core from this borehole was cut 
perpendicularly to the fault zone (FZ) into three smaller blocks (length: 42 cm, 20 cm and 8 
cm).  
In this study the westernmost gouge (Gouge 1) band within the fault core will be presented. 
This gouge is located at the boundary between the damage zone of the host rock and fault core 
and may have been formed during the first shearing event connected to the Pyrenean tectonic 
compression (Lefèvre et al., 2016). Furthermore, another gouge (Gouge 2) band east from the 
first gouge is presented (Figure 5.).  
Figure 4. A photograph of the F2 strike-slip fault cross-section in Tournemire shale. Blue crosslines display the 
margins of the fault core and sub-horizontal schistosity. Abbreviations: DC: The location of the Drill Core used in 
this study, SHS: Sub-horizontal schistosity, DZ: Damage zone, FC: Fault core. Fault core is here the section with 






Figure 5. Photograph taken from the inside of Tournemire F2 core hole. Red dash indicates the boundary between 
the fault core and the damage zone.  
 
 
3.2. Sample preparation 
 
The 20 cm block obtained from the drill core was cut perpendicularly to the FZ. Next, the core 
block was encased in epoxy resin to prevent it from fracturing. The horizontally cut block 







Figure 6. Procedural flow-chart of techniques and work-steps required in this work. The porosity calculations and 
the spatial distribution of porosity was achieved with 14C-PMMA method, the relative quantities of clay minerals 
were obtained with X-ray diffraction (XRD) and the mineralogy of different structural domains was observed with 
Scanning Electron Microscopy (SEM) with Energy Dispersive X-ray Spectroscopy (EDS).  
 
 
3.2.1 C-14-PMMA autoradiography samples 
 
The samples in this study were impregnated in vacuum in an aluminum cylinder for one month 
with 14C-labelled MMA resin with an activity of 82 kBq/mL in the Radiochemistry Unit, 
University of Helsinki. The MMA tracer has a very low viscosity and thus an ability to intrude 
even the nanoscale porosity. The samples were then irradiated using γ-radiation to polymerize 
the MMA into PMMA with 60Co source in Estonia (Scandinavian Clinics Estonia OÜ). Samples 
for the different analyses were then prepared from these polymerized samples. The procedural 





Autoradiography was performed on surfaces from samples S1, S2 and S3, as shown in Figure 
7. The SEM-EDS sample surfaces were also autoradiographed. The sample surfaces for 
autoradiography were produced by sawing the polymerized samples into different subsamples 
as shown in Figure 7. These samples were then polished with silicon carbide powder to obtain 
good contact with the imaging plates. From these samples the different sub-samples were made 




Figure 7. A schematic of sample surfaces for the autoradiography and SEM. a.: a photograph of the core segment 
prior to MMA impregnation.  b.: a cartoon of sample sawing into sections from the impregnated core segment. The 
surfaces imaged with autoradiography are bordered with green. The X-Y-Z coordinates are from now on presented 
on the sample surfaces to present their orientation in respect to the diagram b. c.: a polished surface of S3 section 
scanned with a tabletop scanner with placements of samples for SEM-EDS. Sample S3_03 is a thick section 
investigated with SEM-EDS. TS1 thin section was taken from below the S3_03 thick section. TS3 is a thin section 
investigated both with SEM-EDS and photomicroscope. d.: a porosity map of S3 surface obtained from digital 
autoradiography (AG). Darker grey values indicate more activity and thus higher porosity. Fissures completely filled 
with MMA are a sample preparation artefact. 
 
 
3.2.2. X-ray diffraction samples 
 
For X-ray diffraction, nine samples were prepared on glass slides based on instructions by 
Poppe et al. (2001). Sample material from sites chosen for XRD characterization were chosen 
to display the clay mineralogy of two gouges and the adjacent damage zone and breccias 
between gouges from sample block S2. The material was extracted from the PMMA-




was separated suspending sample materials into 50ml of distilled water, dispensing larger 
particles with an ultrasonic probe and finally water-sample suspension was centrifuged. The 
initial distance R1 for the centrifuge was 42mm and the final distance R2 127mm. The water 
temperature was 22 ºC and acceleration/deceleration time 14 s/10 s with 1000 rounds per 
minute. The total time for each centrifuging round was 82 seconds. Between each round, 
suspension was removed with a pipette to another tube and coarser fraction sediment was 
separated. The suspension was then centrifuged again and repeated for 3-5 times, depending on 
the transparency of the suspension water. The clay-water suspension was then poured through 
a filter clog resulting the clay particles forming a layer onto the filter membrane surface. The 
oriented clay-glass slides were prepared by attaching the filter membrane around a cylinder and 
rolling the glass slide across the membrane to transfer the clay from the membrane to the slide. 
Nine powdered samples were made from the Gouge S2 sample block. The samples were 
extracted from different parts, one from the damaged zone, two from the first gouge, one from 
the second gouge and the rest from fault breccia between gouges (close to gouge and further 
away between gouges). The samples were also glycolated with ethylene glycol to reveal the 
swelling clays and heated to 550 °C for further clay mineral identification. Heat treatment 
reveals change or loss of structure in clays and can be used to distinguish different clay minerals.  
 
3.2.3. Thin sections 
 
Four thin sections (30 µm thick) for optical microscopy were prepared additionally. Thin 
section areas were first sawed from the S3 block with a low-speed diamond saw. Then they 
were glued to a glass slide and excess material was grinded off with a grinder and polished. 
Additionally, one of the thin sections (TS3) presenting the Gouge zone 2 was chosen for SEM-
EDS mapping and coated with carbon. In this work, two thin sections (TS1 and TS3) are 
presented, as they both contain gouges.  
 
 
3.3. Optical microscopy 
 
A polarizing microscope with two polarizers was used to inspect different structural domains 
from the thin sections. The polarizer converts unpolarized light from the microscope lamp. 
After polarization, light vibrates only in a single direction. Commonly light has a E-W direction 




1997). Polarized light travels through the thin section and occurring changes can be observed 
with an analyzer (cross-polarizer, with N-S orientation) (Pichler and Schmitt-Riegraf, 1997). 
First the thin sections were scanned with a tabletop scanner. Then they were investigated in 
with an optical microscopy (Leica DM 2500P HCX with PL fluotar objectives) with 
magnifications from 2.5x to 50x, with both plane and cross-polarized light. The areas with 
changing porosities observed from autoradiograph maps were photographed with Leica 
application suite and these photographs were contrasted to autoradiograms. 
 
3.4. C-14-PMMA autoradiography technique 
C-14-PMMA autoradiography is an imaging method based on intruding an organic monomer 
liquid, methyl methacrylate (MMA), with radioactive tracer label (14C or 3H) into a sample 
(L’Annunziata, 2012). The distribution of this radioactive tracer is then characterized using 
autoradiography techniques, either by film (Hellmuth et al., 1994; Hellmuth et al., 1993) or by 
digital imaging plate (L’Annunziata, 2012). The method is proven useful to quantify the 
porosity of media with low porosity or small pore sizes (Siitari-Kauppi, 2002). Contrary to 
more conventional porosity measurement techniques (e.g. mercury porosimetry), 
autoradiography can be used to measure spatial distribution of porosity (Sammaljärvi et al., 
2016). Even nanometre scale porosity can be measured with C-14-PMMA autoradiography, 
making it suitable for porosity analysis of sedimentary rock samples (Sammaljärvi et al., 2016; 
Sardini et al., 2009; Sammartino et al., 2002) and even gouge samples (Prêt et al., 2004). 
 
The measured intensities from the samples are converted into optical densities using Beer-
Lambert’s law (equation 1.) (Sammaljärvi et al., 2012), 
   𝑂𝐷𝑖 = −log (
𝐼
𝐼0
)                     (Eq. 1.) 
where 𝑂𝐷𝑖 is the local optical density, 𝐼 is the intensity and 𝐼0 is the background intensity. 
Therefore, in the conversion of intensity into density, the background intensity is taken into 
account.  The optical densities can be converted into activities with the aid of a calibration series 
with known activity. Such calibration series is presented in Figure 8. The optical density of the 
AG-film and the activity can be expressed with equation 2. (Sammaljärvi, 2017), 
                                            𝑨𝒊 = −
𝟏
𝐤
∗ 𝐥𝐧 (𝟏 −
𝑶𝑫𝒊−𝑶𝑫𝟎
𝑶𝑫𝒎𝒂𝒙




where 𝑨𝒊 is a local activity in becquerels, k is a fitting coefficient [Bq
-1],  𝑶𝑫𝒊 is the local 
optical density, 𝑶𝑫𝟎 the minimum of optical density and 𝑶𝑫𝒎𝒂𝒙 is the optical density with a 
saturated film. Standards are used to calculate 𝑶𝑫𝟎 , 𝐤  and , 𝑶𝑫𝒎𝒂𝒙 for each exposure 
(Sammaljärvi, 2017). By using equations 1. and 2., the local activity can be solved and placed 
into equation 3. The porosity calculations are achieved with equation 3. However, the beta 
corrections must be taken into account when calculating porosities. Materials with different 
densities have a different range of 14C beta-emissions. Therefore, the beta correction is 
comparable to the grain density of the sample material and to the density of PMMA 
(Sammartino et al., 2003; Hellmuth et al., 1993). In this work, a grain density for samples was 














          (Eq. 3.) 
In equation 3., 𝜙𝑖 is the local porosity in percentages, ρ𝑚 is the sample grain density (g/cm
3),  
ρ𝑟𝑒𝑠𝑖𝑛 is the PMMA resin density (g/cm
3), 𝐴𝑖 is the local activity of the sample (Bq) and 𝐴0 is 
the activity of the used tracer (Bq). The results of equation 3. are values between 0 and 1 for 
each pixel. A pixel with value of zero corresponds to zero porosity and with one, to open space 
full of pure PMMA.  The porosity calculations are completed for all the pixels in the sample 
surface area and results are exhibited as histograms or porosity profiles (Sammaljärvi, 2017).  
 
The calibration parameters and quantitative porosity calculations were achieved with a program 
based on Matlab Image analysis toolbox (Sammaljärvi, 2017; Sammaljärvi et al., 2016). A 
typical AG calibration curve is presented in Figure 9. Additional contrast to porosity maps can 
be obtained by matching the grey-scale porosity values to colors (Sammaljärvi, 2017). The 
resulting color map can highlight the local variations in porosities.  
 








An AG based on digital imaging plate requires a slightly different image processing procedure. 
In the plate, the beta radiation interacts with the europium-bromine-phosphor complex, 
resulting its excitation to a higher energy state (Sardini et al., 2015). The relaxation of the 
excited state with laser releases blue light with a specific wavelength. The local activity 
corresponds to the amount of blue light produced by a given location. The blue light is directed 
through an amplification tube to an analogue-digital converter. The converter inputs the 
digitized values into computer and the product is a 16-bit image (Sammaljärvi, 2017; Sardini et 
al., 2015).  For digital image plates, the optical densities are calculated with equation 4. (Sardini 
et al., 2015), 
𝑂𝐷 = 𝑂𝐷0
′ ∗  𝐴𝑘
′
                         (Eq. 4.) 
where 𝑂𝐷 is the optical density for activity of 1 Bq/ml, 𝐴  is the local activity and 𝑘′ the fitting 
coefficient. The local activity 𝐴 can be obtained by converting equation 4. into equation 5.  






       (Eq. 5.)                                 
The resulting activity values can be placed into equation 3. to calculate porosities from digital 
image optical densities or by converting directly from grey values into activities with the 
standard series. For quantitative analysis, the 16-bit image using digital imaging plate produces 
smaller uncertainties. In film AG, the errors increase towards very high and very low grey 




               
Figure 9. A calibration curve for digital autoradiography (16-bit image). The intensity is expressed as grey values. 
Each spot represents respective activity in the calibration series in Figure 8.  
 
3.5. Scanning electron microscopy with Energy dispersive elemental analysis 
Scanning electron microscopy (SEM) produces image of a sample using a focused beam of 
electrons.  The electrons are deflected from the surface of a sample or which detach secondary 
electrons from the sample structure (Friel, 2003; Lloyd, 1987) Secondary electrons (SE) 
provide information about the morphology of the sample. Backscattering electrons can be 
used to separate different phases with differing densities. This can be used to highlight 
minerals in the sample material. Energy dispersive X-ray analysis (EDS) can be combined 
with SEM to provide elemental analysis to confirm different mineral phases. EDS is based on 
an electron with certain energy hitting the shell of an atom, it can push an electron from the 




energy state. The result is a characteristic X-ray emission that can be detected in the EDS-
detector.       
The element distribution in the samples was studied with a Scanning Electron Microscope 
with Energy Dispersive X-ray spectroscopy (SEM-EDS). The analyses were performed with a 
JEOL TM JSM-7100F Field Emission Scanning Electron Microscope with Oxford 
Instruments Inca X-sight EDS system at the Geological Survey of Finland (GTK), with 
accelerating voltage of 20 kV. Furthermore, the SEM analyses were done with the Backscatter 
Electron imaging mode (BSE) to highlight the different elemental compositions of mineral 
phases. Finally, mineral identification was achieved by combining BSE image together with 
EDS analysis and comparing them with known literature values of distinguished minerals. 
 
 
3.6. X-ray diffraction 
 
X-ray powder diffraction (XRD) is used in characterizing crystalline structure and mineralogy 
of the material. X-rays are produced in an X-ray tube, where the high voltage maintained across 
the electrodes draws electrons toward a metal target (the anode).  Characteristic x-rays are 
produced at the point of impact and radiate in all directions. A tube with copper target, which 
produces their strongest characteristic radiation (Kα1, wavelength ~1.5 Å), is used commonly 
(Poppe et al., 2001). In this work, a cobalt target is used instead. Cobalt produces longer 
characteristic wavelengths (~1.8 Å) and provides better peak separation at low-angle peaks (e.g. 
clay minerals) (Moore and Reynolds, 1997). When the incident x-ray beam hits a crystalline 
lattice, it is scattered although most of the scattering is interfered with destructive interference. 
If the scattering with certain direction is in phase with scattered rays from other atomic planes, 
they can mutually enhance each other by constructive interference, leading to diffraction. The 
diffraction follows Bragg’s law (Equation 6.) and its basics are presented in the Figure 10. Each 
characteristic material with a crystalline structure has a unique atomic structure. Therefore, it 
will diffract X-rays in a distinguishable pattern.  
 
 𝑛𝜆 = 2𝑑 sin 𝜃                                                        (Eq. 6.) 
 
The XRD measurements were performed with Panalytical X’pert Pro MPD (2MB) 




matériaux et de cosmochimie (IMPMC) at Sorbonné University, Paris. The power used in scans 
was 1.6 kW (40kV generator voltage and 40mA tube current). The clay mineral identifications 
was achieved with the position of (001) reflections of the X-ray diffractograms (Moore and 










Figure 10. Bragg diffraction. The incident X-rays diffract from the plane lattice. The angle of scatter is denoted as 
2θ.  
 
Additionally, illite crystallinity was determined using the Kübler index. The Kübler index 
(KI) is the the full width at half-maximum height (FWHM) of the illite 10-Å X-ray diffraction 
peak (Kübler, 1964) and is measured from clay-fraction of an air-dried sample. KI is 
expressed as °2 and is commonly used as a measurement of illite crystallinity and 
metamorphic indicator at low-grade metamorphic facies (Jaboyedoff et al., 2001). The KI 
value decreases with increasing metamorphic grade, since the illite peak becomes narrower 
due to thickening of illite crystals in prograde metapelitic sequences (Abad, 2007). Figure 11. 




Figure 11. Kübler index (FWHM) for illite (001) peak from XRD-powder diffraction.  
 
 
4. RESULTS  
 
 
4.1. Fault core structure  
 
The observed fault zone (F2) apparently exhibits more complex structure than presented in 
previous studies (Lefèvre et al., 2016; Dick et al., 2016). The eastern compartment of the FC is 
an area with slightly S-SSW dipping cleavage preserving slightly brecciated rock but without 
gouges. The fault core zone is in fact a 30 – 50 cm thick band that coincides with penetrative 
sub-vertical foliation structures and is located on the western side of the previously called FC 
zone (Nenonen et al., 2018). The fractures observed from the samples indicate coincide with 
brittle shear zones and associated riedel structures. The deformation structures observed on 
these structures indicates left-lateral movement that coincides with the last Pyrenean orogenic 




their dark color. Respectively, breccias and protolith surrounding gouges are lighter in color. 
This color disparity may indicate mineralogical differences between gouges and adjacent 
lithologies.  
 
The fault gouge zone within the fault core is 30 – 50 cm wide section on the western side of the 
previously called fault core, next to the protolith. The fractures observed from the samples 
indicate riedel-structures and brittle shearing (Figure 12.).  
Figure 12. Brittle shear structures and possibly a carbonatic clast inside the fault core. The clast orientation 
indicates rotation according to sinistral shearing, which is coherent with the last Pyrenean compressive event 
(Lefèvre et al. 2016). a.: A photograph from fault core hole bottom. b.: a schematic of the fault core, damage zone 









4.2. Optical microscopy from C-14-PMMA impregnated thin sections 
 
The optical microscopy was performed on two thin sections, TS1 and TS3, which display 
Gouge 1 and Gouge 2 (Figure 13.). Thin sections were observed and photographed with both 
plane- and cross-polarized light. Especially shear indicators and deformation structures were 
under interest.  
       
 
Figure 13. Table top scans of thin sections TS1 a. and TS3 b. TS1_1 is located on the interface between the 
brecciated zone and the Gouge 1, TS1_2 and TS1_3 are from the centre of the Gouge 1. TS3_1 and TS3_2 are 
from the centre of Gouge 2 and TS3_3 from the Gouge 2 and BZ interface.  
 
The Gouge 1 displays different colours than the adjacent brecciated zone, which indicates 
mineralogical change between the two domains. Gouge 1 has more reddish colouring under 
crossed polars and contains shear deformation structures, such as R- and P-foliations (Figures 
14. and 16.). Moreover, calcite is abundant on the BZ side (Figures 14. and 15.) but is absent 
inside the gouge. Calcite crystal in Figure 15. is deformed with a sense of shear, indicating a 
co-seismic precipitation. Figure 14. displays a set of photomicrographs from a narrow, sub-
millimetric zone between Gouge 1 and the BZ. In this zone, clasts of quartz are within a clay-




appeared with lighter colouring from the surroundings. The central area of Gouge 1 contains 
brittle-shear structures, most notably R-, P- and Y-shears (Figure 16.).  The sheared areas 
exhibit dark foliations which could indicate pressure dissolutions processes with more soluble 
minerals dissolving and insoluble mineral enrichment within the zone.  
 
 
Figure 14. TS1_1 optical microscopy photographs. TS1_1 exhibits a gouge BZ interface. a.: Gouge 1 and BZ 
interface with plane polarized light. A crack filled with fibrous calcite (Cal.) is indicated by an arrow. b.: Gouge 1-BZ 
interface with cross-polarized light. c.: Greater magnification from the interface with plane polarized light. d.: 
Interface with cross-polarized light. e.: Area with lighter, isotropic gouge. Plane polarized light. f.: Isotropic gouge 





Figure 15. A micrograph of a fibrous calcite from TS1_1, inside the BZ. The fibrous calcite has been deformed and 
twinned by gliding, indicating syntectonic calcite formation and episodic calcite crack sealing. The shear sense 
(dextral in this case) can be observed from the calcite deformation structure.  
 
 
Figure 16. TS1 thin section micrographs taken under plane- and cross-polarized light. Micrographs from the central 
area of the Gouge 1. The structures in a. indicate high shear deformation with Riedel shears (R), Y and P-foliations. 
Dark bands are pressure dissolution seams. b.: TS1_2 with crossed polars. c.: TS1_3 with plane-polars. Similar 






Gouge 2 photomicrographs (TS3, Figure 17.), reveal a lesser deformed gouge area than found 
in the Gouge 1. Only R-shears and adjacent pressure dissolution areas could be observed. 
Furthermore, Gouge 2 contains a similar narrow zone of lighter colouring (Figure 18.) than in 
Gouge 1. The photomicrograph displays a sign of weak flow and grain rotation in the clay 
matrix. Generally, Gouge 1 exhibits stronger shear deformation structures than Gouge 2.  
 
 
Figure 17. Photomicrographs from the TS3.  a.: TS3_1 in plane-polarized light. Figure b.: TS3_1 with crossed 
polars.  c.: TS3_2 with plane-polarized light. Red arrows indicate a fractured grain with a sense of shear. d.: TS3_4 






Figure 18. a.: TS3_3 with plane-polarized light.  b.: TS3_3 with crossed polars. Red arrows in a. point empty pore 
spaces. Grains are quartz (Qz), feldspars (Flds.), muscovite (Mv.), opaques (Op.) and carbonates (Carb.) in a fine-
grained clay-matrix.  
 
 
4.3. C-14-PMMA autoradiographs 
 
The 14C-PMMA autoradiographs (AG) from the samples indicate significant variations through 
the gouge and adjacent breccias and damage zone. The central gouge displays porosity values 
approaching to undeformed protolith (11 %, Dick et al., 2016), but still considerably higher (15 
– 20 %) in both Gouges 1 and 2. However, in the margins of the gouge, the porosity values 
increase to 30 – 60 % (Nenonen et al., 2018). A previous study has demonstrated an ascent in 
porosity along the damaged zone using gravimetric methods (Lefèvre et al., 2016). This bulk 
measurement did not reveal the changes in gouge porosity however. The AG on the other hand 
allows the determination of exact locations of increased porosities, which cannot be achieved 





Figure 19. AG porosity map from the polished surface of S3. a.: The darker grey values indicate higher PMMA 
intensities and therefore higher porosities and lighter values have lower intensities and lower porosities. Yellow 
rectangle with sections represents a porosity profile across the S3 surface. The red areas are fractures with pure 
PMMA (excavation and sample handling artefacts). Grey values representing pure PMMA values are thus excluded 
from porosity calculations.  Spheres inside the PMMA are from the epoxy resin. Samples S3_03 and TS3 are 
indicated by rectangles. b.: a porosity histogram from the block profile of a. An average porosity of each block of 
the yellow rectangle is represented by a dot with error values. Gouge 1, gouge 2 and brecciated zones (BZ) are 
distinguishable in the porosity map a. as different grey levels.  
c.: A colour map of porosity of S3 with porosity range of 0 – 80%. 
 
 
Gouges appear to have higher intensities as they exhibit darker grey values than the surrounding 
DZ and BZ. It can be assumed that the gouges have thus higher porosities. The porosity 
histogram (18 b.) further indicates that the gouges are distinguishable from the adjacent zones. 
Gouge 1 appears to exhibit porosity values as high as 40 %. Respectively, in gouge 2 porosity 
values approach to at least 35 %. The brecciated zones appear to have a wide range of porosities 
from ~13 % to ~30 %. Lowest porosities appear close to gouges. The colour map of porosity in 
S3 (Figure 18 c.) further shows the heterogeneity in terms of porosity along the fault core. The 
BZ appears more homogeneous and with lower porosity than the gouges. The BZ is crosscut 
by possibly co-seismic shear fractures however. These fractures exhibit higher porosities than 
the bulk of the breccia.     
 
Closer observation on the Gouge 1 reveals a spatial difference of porosity within the gouge 
(Nenonen et al., 2018) (Figure 20.). The porosity values in the DZ are below 20 % but increase 




central gouge and approach to the values of DZ. The porosity increases again on the Gouge 1-
BZ boundary.   
 
 
Figure 20. The AG porosity map of S3_03 and Gouge 1. a.: the AG with red areas that were excluded from the 
porosity calculations. b.: a block profile representing the yellow rectangle in a. The average porosity of each block 





Figure 21. Smaller scale porosity block profiles from the S3_03 AG sample surface. The yellow rectangle in each 
figure represents the profile area illustrated as a porosity diagram in the figure 22. The letters in 21. and 22. are 
consistent and each figure represents corresponding letter in the porosity diagram in the Figure 22. a. is from the 
DZ, b. from the gouge-DZ interface, c. from the centre of the gouge, d. from the gouge-BZ interface, e. from the BZ 










Figure 22. The porosity diagrams from the profiles of the sample S3_03, from the previous Figure 21. Dashed blue 
lines indicate interfaces between domains. a.: The porosity profile of the damage zone (DZ). b.: The porosity profile 
of the DZ-Gouge 1 interface. c.: The porosity profile of the Gouge 1 interior. d.: The porosity profile of the Gouge 
1-Western BZ interface. e.: The porosity profile of the Western BZ. f.: Porosity profile taken parallel along the fault 
inside Gouge 1.   
 
 
In Figure 22a. porosity is heterogeneous and appears to diminish towards the gouge. Increasing 
porosity values appear to follow fractures. The DZ-gouge boundary (Figure 22b.) exhibits an 
increase in porosity values on this zone, probably due to micro-fissuring. The highest values (~ 
50 %), are on the gouge side of the DZ-gouge interface. Inside the interior gouge (Figure 22c.) 




porosity values display a similar steep increase on the gouge-BZ boundary. In the gouge-BZ 
interface (Figure 22d.) porosity increases up to ~60 % in a zone with width of 0.4 cm. The BZ 
(Figure 22e.) contains porosity values approaching to undeformed Tournemire argillite. Figure 
22f. is a porosity profile taken parallel to the direction of shearing.  
 
 
Figure 23. The AG porosity map of TS3. a.: the AG with red areas (pure PMMA) that were excluded from the 
porosity calculations.  b.: the block profile from a. c.:  the colour map of porosity in TS3 with porosity range of 0 – 
80%.  
 
Calcite fillings have lowest porosity and appear in Figure 23a. as the lightest areas and in Figure 
23 c. as the darkest blue areas. The calcite crack-filling in Figure 22a. can likewise be observed 
in porosity diagram 22b. as a sudden drop in porosity when moving from the Gouge 2 into the 








Figure 24. Smaller scale porosity block profiles from the TS3 sample surface. The yellow rectangle in each figure 
represents the profile area illustrated as a porosity diagram in the Figure 25. The letters in Figures 24. and 25. are 
consistent and each figure represents corresponding letter in the porosity diagram in the Figure 24. a. is from the 
BZ, b. from the BZ-gouge interface, c. from the centre of the gouge, d. from the gouge-BZ interface, e. from the BZ 






Figure 25. The porosity diagrams from the TS3 AG profiles (Figure 24.). a.: Western BZ porosity profile. b.: The 
porosity profile of the Western BZ-Gouge 2 interface. c.: The porosity profile of the interior of Gouge 2. d.: The 
porosity profile of the Gouge 2-Eastern BZ interface. e.: The porosity profile of the Eastern BZ. f.: Western BZ-
Gouge 2 interface with clast porosities indicated by red arrows. 
 
In the BZ1 between Gouge 1 and 2, porosity increases in fractured areas and towards BZ1-
Gouge 2 interface (Figure 25a.). The interface of the BZ1 and Gouge 2 (Figure 25b.) contains 
a wide range of porosities from below 20 % (calcite in the BZ) up to 60 % (high-porosity 
gouge). Profile from the central gouge (Figure 25c.) has in the margin porosity values up to 30 
% but they gradually decrease towards the lowest values in the central gouge. Porosity values 
increase steeply again on the gouge-BZ2 interface. The Gouge 2-BZ2 interface show porosity 
values of 40 % (Figure 25d.). Porosity decreases significantly towards the BZ2 (to 10 – 15 %) 




heterogeneous porosity along the profile (Figure 25e.). A possible clast profile from the BZ1 
side of the gouge can be observed from the AG porosity variations within the BZ1-Gouge 2 
interface (Figure 25f.). The clasts are probably originated from the breccia wall, which could 
indicate wall-rock rip-off during a seismic slip within a fault zone.  
 
The porosities observed display significant variations across the gouges. One significant feature 
is, that the highest porosity areas coincide with the most fissured areas within the gouges. Thus, 
the larger porosities could mostly exist as micro-fissures.  In Table 1. is a summary of porosity 
results for each structural domain within the F2 fault core.   
 
Table 1. AG porosity results from the F2 fault core. Error (~10 %) is from autoradiography (Sammaljärvi et al., 
2012). 
 
4.4. XRD results 
 
The bulk-XRD measurements from the whole-rock powder revealed that the major mineral 
assemblages are quartz, feldspar, carbonates (calcite, dolomite, ankerite), and phyllosilicate 
minerals, such as illite, kaolinite and chlorite. The bulk analysis did not reveal any significant 
changes along the fault core.  
 
The clay-fraction (< 2µm) of the sample was estimated by semi-quantitative XRD method 
(Biscaye, 1965). The average relative percentage of illite and illite-smectite (I/S) 
interstratifications are ~ 40 % and 10 – 15 % respectively in the damaged zone and breccias. 
However, in the gouges the respective relational fractions are ~ 30 % and 0 – 5% respectively 
and thus displaying a significant drop in the I/S content (Figure 26.). Similar development in 

































2016). In the same way, the fault gouge kaolinite content showed a higher content in the fault 
gouge (Figure 26.). The brecciated zones have varying mineralogical composition, but they 
resemble the damaged zone in clay mineralogy.   
 
 
Figure 26. Relative quantities of clay minerals from XRD measurements of <2 µm fraction. Gouge 1 b sample 
location is from the high-porosity area on the Gouge 1 – BZ interface. Gouge 1 a is from the low-porosity central 
area of Gouge 1.  
Additionally, Kübler indices (KI) were determined for illite crystallinities in different 
structural domains (Table 2.).  KI values for gouge samples varied between 0.44 and 0.78. 
Respective KI value for DZ was 1.34. Breccias expressed wide range of KI values ranging 




Table 2. Illite crystallinity indices (Kübler index; KI) for each XRD sample.  
 
4.5. SEM-EDS results 
Sample S3_03 and thin section TS3 surfaces were observed with SEM in secondary electron 
(SE) and BSE modes (Figures 27., 28., 29., and 30.). SEM images were taken in BSE mode, 
as it highlights the different mineral densities. In addition, BSE images from the Gouge 1 and 
adjacent DZ and BZ in sample S3_03 display brittle-deformation structures, such as R- and 
R’-shears.   
The SEM-EDS elemental mapping of the sample S3_03 revealed a zonation in the Gouge 1 
(Figure 30.) with iron forming concentration spheres around the central gouge (Nenonen et 
al., 2018). When compared to the porosity map from the AG (Figures 21. and 22.), iron is 
located along fractures and surrounds the lowest porosity area of the gouge. Potassium 
(Figure 29a.) on the other hand is depleted from the interior of the gouge, but unlike iron, it 
does not follow the fractures. Nevertheless, potassium is concentrated on the high porosity 
areas within the gouge. Additionally, the eastern side of the gouge (brecciated zone) displays 
a lower content of potassium and higher of calcium (Figure 29c.). The brecciated zone (BZ) 
therefore has more calcium carbonate content and less clay minerals (Nenonen et al., 2018). 
This could indicate a healing process on the BZ by crack-sealing (Lefèvre et al. 2016), with 
regards to the DZ and strengthening the fault more on its eastern side within the gouge. The 
Sulphur content on the other hand is generally more concentrated on the DZ as pyrite crystals 
(Figure 29b.). However, it displays additional higher concentrations within the gouge centre. 
These sulphur-rich areas coincide with low-porosity areas within the gouge. The 





Figure 27. BSE image of S3_03 sample with smaller images in Figure 28. with greater magnification marked with 













Figure 28. BSE image of the sample S3_03 surface. a. and b.: R-, and R’-shears and P-foliations in Gouge 1. c.: 
Foliation of a flow pattern close to the DZ boundary of Gouge 1. d.: Quartz-coated framboidal pyrite (Py) clasts 
close to the Gouge 1-BZ boundary. e.: Area of lower porosity central gouge. f.: A polymineralic, almond shaped 
clast on the BZ side of the Gouge 1. The clast contains Illite, calcite (Calc.), chlorite (Chl.), quartz (Qz), pyrite (Py) 
and organic material.  g.: An authigenic sphalerite (ZnS) grain inside the Gouge 1. h.: A pyrite (Py) domino inside 
the DZ with rotation of the orientation of shearing with calcite (Calc.). i.: A pyrite (Py) domino inside the Gouge 1 
with calcite (Calc.) between the rotated pyrite clasts. j.: Gouge 1 boundary between the foliated (Fol.) and 
isotropic (Isotr.) gouges.  
 
SEM-EDS elemental mapping from sample S3_03 revealed grains of sphalerite within the 
Gouge 1 (Figure 30.). Sphalerite grains were euhedral and thus most likely epigenetic and not 
detrital origin. Closer SEM-EDS observation from the iron zonation revealed that iron is 
mostly in clay-minerals as Fe-chlorite or chamosite (Figure 31.). Chlorite grains appeared 





Figure 29. SEM-EDS elemental maps of the S3_03 sample. a.: Potassium displays higher concentrations on the 
DZ than inside the gouge or BZ. b.: Sulphur is generally more concentrated on the DZ. c.: Calcium is depleted in 






Figure 30. SEM-EDS map of iron and zinc in the S3_03 sample. Red arrows indicate the location of sphalerite 
grains. Turquoise arrows display an iron concentration band surrounding the central part of the gouge. 
Consequently, iron appears to be less concentrated inside the low-porosity central gouge. Pyrite appears to be 
mostly absent inside the gouge, excluding the large pyrite-domino in the upper left part of the gouge.  
Figure 31. a.: an EDS elemental map of iron from the iron concentration zone of the gouge (indicated by red 
dashes). b.: a BSE image from the same zone. c.: a SEM image with EDS point analysis (1-4). All the EDS points 






When the porosity maps from AGs are compared with elemental maps, iron appears to be 
located along fractures and surrounds the areas of lowest porosity within the gouge (Figure 
32.). Potassium appears to be depleted in the gouge interior but does not follow the fractures. 
The brecciated zone (BZ) is more depleted from potassium than the damaged zone. Calcium 
is absent inside the gouge 1. It exists abundantly in the DZ and BZ rock matrix and as micro-
veins. The brecciated zone has therefore higher carbonate content and contains less clay 
minerals. This could indicate fault healing process in the breccia and strengthening of the 
eastern side of the gouge.  
  
 Figure 32. a.: scan of the sample S3_03 surface. b.: porosity color map of S3_03 surface. c.: SEM-EDS 
elemental map of iron. 




















Figure 34. SEM images in BSE mode from the TS3 surface. All the images have the same orientation than in a. 
a.: Image from the highest porosity area of isotropic gouge between the BZ and Gouge 2. Dol.: dolomite, Ill.: illite. 
Clasts are mainly quartz, carbonates, illite and feldspars in very fine-grained clay matrix. Dolomite appears to be 
zoned with iron rich outer rim. Faint striations on the sample surface are from thin section polishing. b.: the lowest 
porosity area inside the Gouge 2. c.: BZ side of the highest porosity isotropic gouge. A sharp contact between the 
BZ1 and isotropic gouge. d.: Higher porosity area inside foliated gouge. e.: A calcite clast inside the foliated 
gouge. f.: a contact between the gouge and calcite crack-seal on the BZ3 side. Black areas are cracks filled by 
pure PMMA. g. and h.: the area with highest porosity between the gouge and BZ. Red arrows indicate empty pore 
spaces in clay matrix. Blue arrows indicate randomly oriented illite grains. i.: Shear bands and fractured quartz 
clasts inside gouge. j.: Quartz grains in the highest porosity zone in gouge-BZ interface. k. and l.: Anhedral and 
euhedral barite grains. m.: Detrital, foliated illite crystals in the breccia. Secondary electron (SE) image. n.: 
Neoformed, randomly oriented illite crystals in the isotropic gouge. SE image.  
 
The area with highest AG porosity is indicated by a darker zone on the gouge-BZ boundary in 
the BSE image (Figure 33.). Furthermore, the highest porosity gouge area appears to be 
isotropic and no clear foliations could be observed (Figure 34a.). The boundary between the 
isotropic gouge and BZ is sharp (Figure 34c.).       
Grain rotations and cross-grain fractures indicate cataclastic flow inside the foliated gouge 
(Figure 34b.). The major source of porosity appears as micro-fissures inside the higher 
porosity gouge area (Figure 34d.). Calcite is abundant on the Gouge 2-BZ3 interface both 
inside the gouge and breccia. In gouge, calcite appears mainly as grains cementing spaces 
between clay minerals.   
From TS3 SEM images, it was apparent that the Gouge 2 and BZ3 boundary contained barite 
(Figure 34k. and 34l.). Barite grains were both euhedral and anhedral and occurred within the 
calcite-rich zone but not anywhere else. SEM-EDS elemental map of calcite revealed that it is 
highly concentrated on the eastern side of the gouge zone. On the western side of the gouge, 
calcite does not form micro-veins (Figure 35a, Figure 36.).  Pyrite grains are mostly absent 





Figure 35. SEM-EDS elemental maps of TS3 thin section. a.: The locations of Gouge 2 and PMMA filled fracture 
are indicated. The image contains the concentrations of calcium. b.: The concentration of sulphur. c.: The content 
of iron. d.: The content of aluminium.  
 
Figure 36. a.: A SEM-EDS elemental map of calcium from the Gouge 2 and BZ interface with calcite crack-
sealing. Red arrows point ca-bearing gouge and a calcium clast inside the gouge. b.: A SEM-EDS map of calcium 
with a carbonatic clast inside the Gouge clast indicated by a red arrow. The black area in the centre is a fracture 




The closer observation of Gouge 2 calcite-rich area indicates fluid-rock interactions with the 
gouge, brecciated area and fluids. The crack sealing could be a dilatational jog between the 
gouge and a gouge-parallel secondary fracture. Sphalerite was found on both gouges on areas 
with lowest amount of calcite grains. In Table 3. is a summary of the EDS mapping and point 
analysis results for each domain. 






In Figure 37. is a tabletop scan from Gouge 2 in TS3 with a porosity colour map and a BSE 
image. Fractures exhibit the highest porosity values. Inside the BZ1, Gouge 2 oblique 
fractures crosscut the formation and are distinguishable by their higher porosity values. Inside 
BZ2 close to Gouge 2, crack-seals form very low porosity areas.  
Figure 37. a.: Tabletop scan of TS3 thin section. b.: Porosity colour map of TS3. c.: BSE image of TS3.  
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Table 4. Porosity values and SEM-EDS mapping and XRD results for each structural domain in Tournemire shale 
and studied fault zone. Error (~10 %) is from autoradiography (Sammaljärvi et al., 2012). 
 
 
Table 4. presents a summary of results from different methods for each structural domain. The 
most significant feature separating Gouge 2 from Gouge 1 is that iron does not appear in 
spherical concentration bands (Figure 35c.). Additionally, no signs of barite were observed in 
Gouge 1. Sphalerite grains were found inside the gouge areas without calcite grains. This 




5.1. C-14-PMMA porosity  
Because the fault zones evolve through time, they can act barriers to fluid flow during certain 
periods and conduits during other periods. Likewise, the porosity of the fault zone evolves 
through time due to numerous different chemical and physical processes.    









Porosity % 11 (Dick et 
al., 2016). 
16 (± 2) 18 (± 2) 30 (± 3) 40 (± 4) 18 (± 2) 
Predominant 
mineralogy 
K-rich clays Clays, Py K-depleted 
clays, rich in 
S 
Rich in K, 
Fe 




Kübler index  1.34 0.47  0.44 0.51 
Gouge 2 Undeformed 
shale 







Porosity % 11 (Dick et 
al., 2016). 
13 (± 1) 20 (± 2) 50 (± 5) 13 (± 1) 35 (± 4) 
Predominant 
mineralogy 

















Decreased effective normal stress leading to tensile fractures and dilatancy in the fault gouges 
could explain the observed porosity development. This can be seen as increasing porosity in 
the margins of the fault gouges, as shown by autoradiographs. Central gouge appears to have 
preserved mostly the barrier attributes. SEM images from the central part revealed that it is 
relatively fracture free and did not exhibit as high deformation rates as the gouge margins. 
The lower porosity of the central gouge could be due to extensive compaction and very fine-
grained clay matrix. Moreover, the gouge matrix is matrix supported and clast rotation has 
apparently closed pore throats. However, towards the gouge margin strain rate increases and 
becomes more complex. Signs of extensive cataclastic flow and R- and P-foliation bands can 
be observed in the higher porosity areas. This could indicate strain localization to the highest 
porosity gouges, which possibly were the principal slip surfaces during the last sinistral 
shearing event. Shear foliations provide evidence that both gouges were active during the last 
sinistral phase of the Pyrenean orogeny. The damage zone and brecciated zones present 
partially very low porosities. The presumable reason for this lowering porosity is that the fault 
has healed on the damage zone side of the gouge and the cracks are filled with very low 
porosity calcite.       
The C-14-PMMA autoradiography results highlighted the porosity anisotropy in the studied 
fault zone. When combined with optical microscopy, it was apparent that the highest porosity 
areas were concentrated on the gouge margins with fractures oriented to the shear stress of the 
fault. Strike-slip faults are generally more effective fault-parallel fluid conduits for crustal 
fluids than dip-slip faults due to fracture and stress orientation (Gudmundsson, 2001). 
Furthermore, strike-slip shearing experiments suggest that shearing-induced dilatancy may 
increase the permeability of a fault core (e.g. Samuelson et al., 2009). During the shearing 
pore space is created more on the margins of the gouge as the slip-velocity increases from 
centres to the margins of gouges. The pore-fluid then diffuse into the gouge layer and fill up 
the void created by shearing. This will lead to depressurization of the pore fluid, which 
inhibits the seismic nucleation of a fault and promotes fault creep behaviour instead of 
rupturing (Samuelson et al., 2009). Richard et al. (2014) found polymineralic clasts inside San 
Andreas (SAFOD) core of the creeping section. Similar almond-shaped clasts were found in 
Tournemire fault core (Figure 28f.). Polymineralic clasts are proposed to be parts of original 





5.2. Connection of porosity, mineralogy and paleo-fluid circulation 
Based on the AG-maps and SEM-EDS investigations it appears that the fluid flow occurred 
mainly along the high porosity gouge margin. Previous episodes which led to the calcification 
of the DZ confined the later fluid flow into the thin zone within the boundary between the 
gouge and DZ/BZ. Apparently, some of the fluid flow occurred inside the gouge zones. This 
is indicated by the iron concentration bands that follow the fracture boundaries within the 
gouge. The EDS investigations suggest that iron is mainly bound in chlorite-group minerals. 
Fe-rich chlorites are unstable in oxidizing conditions (Steudel et al., 2016) and may have 
formed from heat flow from hydrothermal fluids to the margins of lowest porosity gouge in 
Gouge 1. Even though fluid flow was mainly confined into vertical direction, some of the 
cross-gouge fractures in Gouge 1 could had provided a horizontal pathway for it. In these 
fractures, signs of shearing and calcite healing were absent. The fractures were possibly 
opened during the fault activation after a pore fluid pressure build-up exceeded the threshold 
needed for fault reactivation.      
Elemental distribution of S received from the EDS elemental mapping indicates the 
concentration of sulphur to be higher on the western side of gouge in the DZ as pyrite. 
Additionally, S concentration appears to be higher in the low porosity central gouge in Gouge 
1. Further, EDS maps from the elemental distribution indicate iron concentration bands, 
sphalerite in certain parts, and possibly hydrothermal circulation in the past. Barite in the 
Gouge 2 calcite-rich side has occurred most likely in co-precipitation with calcite from Ba-
rich fluids. Possible source for Ba could be within basal fluids induced by Tertiary volcanism. 
Other possible source for fluids could had been brines from degassing of a cooling magmatic 
intrusion (Fournier, 1999). However, confirming the sources for fluids would require isotopic 
studies from mineral veins (e.g. Cox, 2007). Plummer (1971) concluded that barite deposits in 
hydrothermal fault systems could form by mixing of Ba-bearing reduced hydrothermal fluid 
and oxidizing meteoric fluid from an aquifer, with two fluid sources. In the Tournemire shale, 
the overlying aquifer could had been the source for oxidizing water influx (Peyaud et al., 
2006).         
SEM-EDS mapping showed the higher kaolinite content and sub-millimetric calcite veins 
within the gouge and adjacent DZ and BZ which provide evidence for the mineralogical 
evolution of the fault core. The XRD results indicating increasing kaolinite in the fault gouge 




The kaolinite increase in the gouge zones reflects a change in chemical and fluid–rock 
conditions and could indicate clay alteration due to a fluid circulation (Rossetti et al., 2010). 
In addition to cataclastic deformation, the clay-rich fault gouge could represent smear from an 
overlying clay-rich formation (Laurich et al., 2018). Such formation has not been identified in 
Tournemire however.  
 
5.3. Clay-mineral alteration  
The semi-quantitative results from XRD indicate transition of smectite-illite 
interstratifications into illite in the fault gouge. The amount of smectite-illite 
interstratifications diminish in respect to the damage zone. In the foliated gouge zone, the 
amount of I/S dropped and kaolinite and illite content appeared to increase. Moreover, in the 
anisotropic gouge, I/S disappears as seen in section Gouge 1b of Figure 26. The 
transformation of smectite and illite-smectite into illite and chlorite within fault gouge 
generally requires temperatures exceeding 75 °C (Altaner and Ylagan, 1997; Inoue, 1995). 
This process could be caused by increased temperature due to shear friction, or alternatively 
hydrothermal fluid alteration (Ylagan et al., 2000). The main process to I/S alteration is 
possibly dissolution-crystallization (DC), which requires dissolving of original clay minerals 
and re-crystallizing them as neo-formed clay minerals (Dellisanti et al., 2008; Altaner and 
Ylagan, 1997). This could possibly explain the occurrence of increased potassium content 
observed in EDS-elemental mapping in section (Fig. 29 a.) in the margin of Gouge 1 with 
neo-formation of illite.    Additionally, smectite could had been altered into kaolinite, if 
hydrothermal temperature exceeded 150 °C during the fluid circulation phase (Dudek et al., 
2007). Illite crystallinity (IC) values for gouges differ significantly from the damage zone 
(0.44 – 0.63 for gouges, 1.34 for the damage zone). Moreover, the breccias adjacent very 
closely to gouges have similar IC values. Observed IC values indicate that the gouges and 
breccias were influenced by temperatures 150 – 200 °C (Abad, 2007). The maximum 
diagenetic temperature in the Tournemire shale is estimated to be around 105 °C (Peyaud et 
al., 2005). The gouges and breccias therefore were affected either by frictional heating and/or 
hydrothermal fluids during their history.      
The iron rim in the central Gouge 1 contains chlorite. One possible explanation for chlorite 
could be the alteration of smectite hydrothermally into chlorite (Inoue, 1995). When smectite 




concentrate into neo-formed chlorite, forming the observed iron-rich rim. Frictional heating is 
short-termed and could not likely provide time needed for heat-induced alteration and 
neoformation of clay-minerals observed. Hydrothermal fluid circulation however, could 
provide a longer lasting heat source for the alteration process (Inoue, 1995).  
   
5.4. Fault structure and dynamics  
Clay gouge transformation and release of interlayer water of smectite due to shearing would 
require high slip-velocity, shear localization and high friction heat. The frictional heating 
increases the pore pressure in the shear zone. The result conceivably would be thermal 
pressurization within the fault gouge (Brantut et al., 2010). Thermal pressurization is the 
pressurization of the pore-fluids and reduction in the effective normal stress, produced by the 
expansion of vaporized fluid from the frictional heating of a fault (Sibson, 1973). Thermal 
pressurization is usually connected to the formation of clay-clast aggregates (CCAs) (Boullier 
et al., 2009; Boutareaud et al., 2010; Han and Hirose, 2012). However, Han and Hirose (2012) 
concluded that in experimental settings CCAs can be produced at slip rates that are slower 
than seismic slip rates. It has therefore been suggested that CCAs can form on wide range of 
slip rates by clast rotation and not only by thermal pressurization (Janssen et al., 2014; Han 
and Hirose, 2012). It is therefore safer to assume that the clay-mineral alteration was caused 
mainly by hydrothermal fluids and/or fluid accompanied dynamic frictional shearing. In the 
Tournemire shales, the fluid circulation is localized mainly on the thin zone between the fault 
core and damage zone (Guglielmi et al., 2015b), where CCAs could be expected to be found. 
Pervasive fluid intrusions and post-seismic creep accompanied reworking of fault core 
material could, however, remove the signs of seismic movements (Holsdworth, 2004), and 
therefore the possibility of thermal pressurization could not be entirely ruled out in the 
Tournemire fault. 
Calcite crack sealing and fault history can indicate further hydrothermal circulation. First 
calcite generation formed from the pore fluids co-seismically during shearing. Second calcites 
formed from hydrothermal fluid circulation, eventually sealing the fault. Fibrous calcites 
appear stretched and grain growth localisation varies. This indicates multiple crack-sealing 
events and the localisation of grain-growth (e.g. Bons et al., 2012). The low permeabilities of 




conditions in the fault core, leading to fault-parallel fluid flow that was confined to a narrow, 
millimetric zone (Sibson, 2000).    
High pore pressure inhibits healing and sealing processes, low pore pressure and high 
effective stress can lead to seismic nucleation (Ikari et al. 2009). During the high pore 
pressures, the fault core would stay impermeable. High pore pressure generally weakens the 
fault system and promotes instability and slip at low-shear stresses (Imber et al., 2008). 
During its active phase, the Tournemire fault may have moved episodically with initial 
seismic slip followed by post-seismic creep. Moreover, surface roughness and uneven surface 
structure may promote seismic slip at some parts of the fault, whereas other parts of the fault 
with smoother surface may move with creep even during the same tectonic event (Sibson, 
1994).  Aseismically creeping faults can typically generate large numbers of small 
earthquakes and micro-seismic lineations, such as calcite crack-seals and other microscale 
features observed (Rubin et al., 1999).  
 
5.5. Future work 
The dating of tectonic events and associated fluid circulations would require further work and 
isotopic dating methods. K-Ar dating of clay minerals requires neoformed illite crystals. Such 
neoformations has indications inside the Tournemire F2 gouge zones suggested by the results. 
Isotopic fractionations of oxygen and sulphur from carbonate and sulphate minerals of the 
fault zones could reveal more from the origin and formation temperatures of these 
mineralizations. X-ray computed tomography (XRCT) could be utilized to obtain a mesoscale 
3D-image of the fault gouge structure (Sammaljärvi et al., 2017). Preliminary results for 
XRCT imaging from the Tournemire fault gouge were presented by Nenonen et al. (2018). 




In this work, the spatial porosity distribution in the Tournemire URL strike-slip fault was 




porosity map from the gouge zones. Smaller samples from PMMA-impregnated block were 
investigated with photomicroscope, SEM-EDS and XRD.     
The structure of the fault could indicate a polyphased structural history, where the 
subhorizontal cleavage presents the initial fault zone. Fault reactivation in this zone is 
interpreted to has been led to the formation of a new fault zone containing the fault core with 
several distinct gouges. Porosity maps obtained from AG indicate porosity anisotropy within 
the studied gouge zone. The fault gouge is zoned, with lower porosity towards the center and 
higher near the borders. SEM-EDS elemental maps revealed the uneven distribution of Fe, K 
and Ca containing minerals. The mineral zonation indicates complex fluid circulation, with 
both high and low temperature hydrothermal activities. Possible explanation for the porosity 
increasing in the sub-millimeter zone between the gouges and the wall/breccia could be 
thermal pressurization of water released from the illite-smectite interlayers via high-velocity 
shearing friction. The expanding water vapor lead to drop in the effective normal stress within 
the gouge and dilation, which is indicated by increased porosities. The fluid vapor most likely 
escaped vertically, as the gouge center remained with low porosity. This dilation-channel 
eventually provided pathways for hydrothermal fluid-circulation induced by volcanism in the 
Central Massif area during the Paleo- and Neogene. The remains of this fluid-circulation were 
marked by an iron halo around the lowest porosity central gouge in the Gouge 1. Moreover, 
sphalerite crystals were found in the Gouge zone, which could be further explained by the 
hydrothermal fluid circulation.         
Fault gouge exhibits signs of seismic slip and possibly post-seismic creep. During its active 
phase, the fault was healed by calcite precipitation after a seismic slip. This healing and 
sealing led to increasing pore pressure inside the fault core. The high pore pressure decreased 
the strength of the fault and promoted fault slip. Fault was reactivated during the sinistral 
phase seismically or aseismically. During the last sinistral shearing, fault movement occurred 
mostly by fluid induced brittle-viscous creep behavior. However, the fault may have partially 
moved seismically due to roughness of the fault core surface.     
Although these fault gouges in shale formations are only several millimeters thick, they may 
provide preferential pathways for fluid circulation during fault reactivation. They can offer a 
barrier or a conduit to localized fluid flow within the fault zone. Based on the results, there is 
a possibility that in case of Gouge 1 and Gouge 2, gouge allowed fault-parallel fluid flow 




is thus essential when performing performance assessments of potential fractured clay host 
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